The structure of the T = 1 iso-triplet hypernuclei, 
I. INTRODUCTION
A new stage in hypernuclear physics has been opened by the γ-ray spectroscopy for Λ hypernuclei, where level structures of the order of keV are revealed systematically. In order to extract valuable information on hypernuclear structure and underlying ΛN interactions from these extremely precise data; it is therefore indispensable to utilize accurate models for the many-body wave functions.
Our special concern in this work is the structure of a multiplet of Λ hypernuclei specified by an isospin T , which have provided us with many interesting subjects so far. For example, in the case of the T = 1 multiplet with mass number A = 7, 7 Λ He, 7 Λ Li and 7 Λ Be, their core nuclei are neutron or proton halo nuclei. When a Λ particle is added to the core nuclei, 6 He, 6 Li(T = 1) and 6 Be, the resultant hypernuclear systems become more stable against neutron or proton emission. Hereafter, T = 1 excited states of 6 Li and 7 Λ Li are denoted as 6 Li * and 7 Λ Li * . This stabilization is caused by the so-called "gluelike" role of the Λ [1] . Thanks to the role of Λ particle, we can expect an interesting possibility that neutron (proton) drip lines in Λ hypernuclei are extended far away from those in ordinary nuclear systems. In the past, the level structures in Λ He+N + N model [2] , where only the even-state ΛN interaction was used. In Ref. [2] , we pointed out that there appear halo or skin structures in the ground state or some excited states of these hypernuclei. Recently, the experimental energy of the T = 1 J = 1/2 + state of 7 Λ Li has been observed through the high-resolution γ-ray experiment [3] . Furthermore, it is proposed to produce 7 Λ He by (e, e ′ K + ) at JLAB. One aim in the present work is to discuss halo or skin structure in the extended framework of an α + Λ + N + N four-body model.
Another interesting subject to discuss the spin-doublet state, 5/2 + -3/2 + in 7 Λ He and 7 Λ Li (T = 1). It is considered that these excited 5/2 + -3/2 + doublets are related intimately to the spin-dependent potentials of the ΛN interaction. Therefore, it is important to discuss these splitting energies to determine the spin-dependent parts of the ΛN interaction.
In our previous work [4] , the spin-doublet structures of 7 Λ Li in T = 0 states and the underlying spin-dependent interactions were investigated successfully in the αpnΛ four-body cluster model. Here, the αp and αn interactions were chosen so as to reproduce the corresponding phase shifts, and the Λα interaction was done so as to reproduce the experimental value of B Λ ( 5 Λ He), and the ΛN spin-spin (spin-orbit) interaction was fitted so as to be consistent with the 0 + -1 + (5/2 + -3/2 + ), spin-doublet energy separation in There exist mirror hypernuclei in the p-shell region such as the T = 1 multiplet with A = 7 ( , and so on. Historically, some authors mentioned CSB effects in these p-shell Λ hypernuclei [5, 6] . However, there is no microscopic calculation of these hypernuclei taking account of the CSB interaction.
It is well known that the experimental values ∆ CSB can be fitted phenomenologically by an effective spinindependent CSB interaction. On the other hand, in the case of a meson-theoretical model an OPE-type CSB potential is derived through a Λ − Σ 0 mixing effect, where the triplet CSB interaction is much stronger than the singlet one due to the tensor-force contribution. This feature is in strong disagreement with that in the phenomenological force which is almost spin-independent. This difference between triplet and singlet CSB interactions appears in the elaborate four-body calculations for [7] , in which the CSB components are generated by the mass difference within the Σ-multiplet mixed in Λ states and the Λ − Σ 0 mixing effect.
Because the origin of the CSB interaction is not yet settled, we treat it phenomenologically in the present study: Similarly to Ref. [8] , the CSB interaction is determined so as to reproduce the values of ∆ CSB obtained from the Λ binding energies of In this work, we study A = 7 hypernuclei within the framework of an α + Λ + N + N four-body model so as to take account of the full correlations among all the constituent baryons. Two-body interactions among constituent particles are chosen so as to reproduce all the existing binding energies of the sub-systems (αN, αΛN, αΛ, and so on). This feature is important in the analysis of the energy levels of these hypernuclei. Our analysis is performed systematically for ground and excited states of αΛN N systems with no more adjustable parameters in this stage, so that these predictions offer important guidance for the interpretation of the upcoming hypernucleus experiments such as the 7 Li(e, e ′ K + )
7
Λ He reaction at Thomas Jefferson National Accelerator Facility (JLAB).
In Sec. II, the microscopic αΛN N and N N N Λ fourbody calculation method is described. In Sec.III, the interactions are explained. The calculated results and the discussion are presented in Sec.IV. Sec. V is devoted to the discussion on the charge symmetry breaking effects obtained for the A=7 and 8 systems. The summary is given in Sec. VI.
II. FOUR-BODY CLUSTER MODEL AND METHOD
The models employed in this paper are the same as those in our previous work [4] . Namely, we employ the α + Λ + N + N model for the A = 7 hypernuclei (Fig.1 ) and the α + N + N model for the A = 6 nuclei ( Fig.3 
Jacobi coordinates for all the rearrangement channels (c = 1 ∼ 9) of the α + Λ + N1 + N2 four-body system. Two nucleons are to be antisymmetrized.
where V αNi is the interaction between the α particle and i-th nucleon and V αΛ is the αΛ interaction, which are explained in the next section. The Pauli principle between the α particle and the two nucleons is taken into account by the Pauli projection operator V Pauli , which is the same as in Ref. [4] . The total wave function is described as a sum of amplitudes of all the rearrangement channels shown in Fig. 1 in the LS coupling scheme:
where the notations are the same as in Ref. [4] . Also, the definitions of the Gaussian basis functions and the Gaussian ranges are the same as those in the case of the A = 4 hypernuclei.
The eigenenergy E in Eq. (2.2) and the C coefficients in Eq. (2.3) are determined by the Rayleigh-Ritz variational method. The angular momentum space of l, L, λ ≤ 2 was found to be sufficient to obtain good convergence of the calculated results as described below.
III. INTERACTIONS A. Charge symmetry parts
We recapitulate here the charge symmetric parts of the V N α , V N N , V αΛ , and V ΛN interactions employed in our αN N Λ systems [4] .
For V N α , we employ the effective potential proposed in Ref. [9] , which is designed so as to reproduce well the lowlying states and low-energy scattering phase shifts of the αn system. The Pauli principle between nucleons belonging to the α and the valence nucleon is taken into account by the orthogonality condition model (OCM) [10] . As for the N N interaction V N N , we use the AV8 [11] potential, derived from the AV18 [12] by neglecting the (L·S) term.
The interaction V αΛ is obtained by folding the ΛN G-matrix interaction derived from the Nijmegen model F(NF) [13] into the density of the α cluster [14] , its strength being adjusted so as to reproduce the experimental value of B Λ ( 5 Λ He). For V ΛN , we employ effective single-channel interactions simulating the basic features of the Nijmegen model NSC97f [15] , where the ΛN -ΣN coupling effects are renormalized into ΛN − ΛN parts: We use three-range Gaussian potentials so as to reproduce the ΛN scattering phase shifts calculated from the NSC97f, and then their second-range strengths in 3 E and 1 E states are adjusted so that calculated energies of 0 + -1 + doublet state in the N N N Λ four-body calculation reproduce the observed splittings of 4 Λ H. Furthermore, the spin-spin parts in the odd states are tuned to get the experimental values of the splitting energies of 7 Λ Li. The symmetric LS (SLS) and anti-symmetric LS (ALS) parts in V ΛN are chosen so as to be consistent with the 9 Λ Be data as follows: The SLS and ALS parts derived from NSC97f with the Gmatrix procedure are represented in the two-range form, and then the ALS part is strengthened so as to reproduce the measured 5/2 + -3/2 + splitting energy with the 2α + Λ cluster model [16] . The parameters in the ΛN interactions are given in V ΛN (r) = (3.1)
and listed in Table I (a). The calculated energies of the 0 + states in 6 He and 6 Li * are −0.59 MeV and unbound with the respect to the α + N + N three-body breakup threshold, which are less bound than the observed values, −0.98 MeV in 6 He and −0.14 MeV in 6 Li. Considering that it is of vital importance in our cluster model to reproduce accurately the binging energy of all subcluster systems, we introduce an effective three-body αN N interaction phenomenologically, the form of which is assumed as
where r 1 and r 2 are Jacobian coordinates for C = 1 and 2 in Fig. 3 
B. Charge symmetry breaking interaction
It is out of our scope in this work to explore the origin of the CSB interaction. We assume here the CSB interaction with an one-range Gaussian form
which includes spin-independent and spin-spin parts. In the cases of the four-body calculations of 17 MeV, respectively. In these calculations including the CSB interactions, the parameters in the CS parts are slightly modified from those in Table Ia for fine fitting of the experimental B Λ values. In Table I (a), the modified values of parameters are given in the parentheses.
In order to extract the information about the odd-state part of CSB, it is necessary to study iso-multiplet hypernuclei in the p-shell region. A suitable system for such a study is 7 Λ He, in which the core nucleus 6 He is in a bound state. (On the contrary, valence protons in 6 Be are unbound.) Our four-body calculation for this system has to be powerful to extract the accurate information. Though there is no data about 7 Λ He at present, the coming experiments at JLAB will give us valuable data for our analyses.
Another example in the p-shell region is iso-doublet hypernuclei 8 Λ Li and 8 Λ Be, whose experimental values of B Λ are obtained in emulsion. Then, it is interesting to see the contribution of the CSB interaction to the B Λ values of these hypernuclei. For applications to these nuclei, we used Λ-t and Λ-3 He potential for CS part defined by
, where x denotes t or 3 He. The parameters are listed in Table I (b). The CSB part for Λ-t and Λ-3 He is given by
The parameters for even-state are adjusted so as to reproduce the data within the Λ-t and Λ-3 He cluster models for 
IV. RESULTS
First, let us show the level structures of the T = 1 states calculated with the α+Λ+N +N four-body model using the same ΛN interaction in Ref. [4] . We calculated the bound states in those Λ hypernuclei.
In Fig.2 to Fig.4 and Table II , we show the level structures of A=7 hypernuclei calculated without the CSB interaction. In each figure, hypernuclear levels are shown in four columns in order to show separately the effects of even-and odd-state Λ − N interactions and also the SLS and ALS interactions. Even if the CSB interactions are switched on, their small contributions do not alter the features of these figures. At first glance, the obtained Λ states become less bound by 1 MeV in the order of Λ Be, because the repulsive Coulomb-force contributions increase in this order. In these figures, the calculated energy spectra of low-lying states of core nuclei, 6 He, 6 Li * and 6 Be are also drawn in order to demonstrate the Λ-binding effects. Here, 6 He and 6 Li * are nucleonbound states, and the N α and N N α interactions are adjusted so as to reproduce the observed energy spectra. On the other hand, 6 Be is an nuclear-unbound system. In order to extract the B Λ value in 7 Λ Be, it is needed to subtract the total energy of the lowest 6 Be resonant state from the calculated ground-state energy of He. The level energies are measured from the particle breakup threshold. 6 Be is a 0 + broad resonance, whose energy is 0.79 MeV. Thus, the experimental resonant energy 1.37 MeV cannot be reproduced, when the αN , N N and αN N interactions are adopted so as to reproduce the bound-state energies of 6 He and 6 Li * . It is particularly interesting to see the gluelike role of the Λ particle in A = 7 hypernuclear systems. Though the ground state of 6 Be is unbound, the Λ participation leads to a bound state below the lowest Λ Be using the two models.
In Table II , we list the calculated values of the rms radii between α and N (r α−N ) and those between α and Λ (r α−Λ ) in our four-body models of 7 Λ He, 7 Λ Li * and 7 Λ Be. As shown here, the values ofr α−n in these systems are larger than those ofr α−Λ , indicating that the distributions of valence nucleons are of longer-ranged tail than those of Λ's in the respective systems. However, all r.m.s radii in the four-body models are shorter than those in the three-body models [2] , that is the four-body binding energies in the present model are larger than the threebody ones in the previous model. This means that the distributions of nucleons and Λ around α obtained in the four-body models are more compact than those in the three-body models.
In order to see the structures of these systems visually, in Fig.5 Be. For comparison, here, also a single-nucleon density in the α core is shown by the dotted curve. In each case, the density distribution of the Λ has a shorter-ranged tail than that of the two valence nucleons, but is extended significantly far away from the α core. This structure can be nicely imaged as three layers of matter distribution composed of an α core, a Λ skin and a neutron (proton) halo. Here, the proton-density distribution in the 5/2 + state of 7 Λ Li * has a particularly longer tail than those in the others due to the very weak binding of the halo proton from the lowest 
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Me V) Λ Be with spin-spin and spin-orbit ΛN interactions. The charge symmetry breaking potential is not included in the calculated energies of A = 7 hypernuclei. The energies are measured from the particle breakup threshold.
It should be noted here that the splitting energies of the T = 1 3/2 + -5/2 + states are much smaller than those of the T = 0 1/2 + -3/2 + and 5/2 + -7/2 + doublet states in 7 Λ Li given in Ref. [2] . To understand the reason for the difference between the T = 1 and T = 0 doublet splittings, first we remark that the spin-isospin structure of N N Λ system on the α core is [(N N ) sT Tz Λ] S (cf.Eq. (2.3) ). In the case of T = 1 states, the corresponding nn pair is in spin-singlet states (s = 0, spin antiparallel), while in + partner is characterized by the spin-stretched configuration. In contrast to the T = 0 case, both of the J < = 3/2 + state and the J > = 5/2 + state in 7 Λ He (T = 1) include ΛN spin-singlet and spin-triplet states. However, we find that the contribution of the ΛN spin-singlet state is negligbly small in the J > = 5/2 + state. As a result the even-state spinspin part of the ΛN interaction gives rise to the splitting energy of about 0.31 MeV (See "even" column.). In addition, when the odd-state interaction is switched on, the Fig.3 . If the experimental energy resolution becomes good enough to discuss the present splitting energy, we would have a chance of getting information about the spin-dependent parts of the ΛN interaction.
There still remain certain effects of the ΛN tensor interaction on the doublet splittings. In this paper for the T = 1 isotriplet states (A = 7), however, we apply the prescription adopted in the analysis of the T = 0 7 Λ Li states [4] and therefore we do not include the tensor component. Here we note that the ΛN − ΛN tensor contribution is small compared to the spin-spin interaction, however another tensor effect comes from the ΛN − ΣN coupling. In fact, accounting for Σ−Λ coupling by modifying the ΛN interaction alters its effect on doublet splitting, and hence introduces an uncertainty in the calculation. According to the Σ-mixing studied within the shell model [19] , the energy shifts amount to several tens of keV in some of the T = 0 states of 7 Λ Li. The cluster model estimates for such effect will be discussed in the next stage.
V. CHARGE SYMMETRY BREAKING EFFECTS
A. CSB effects in A = 7 four-body models
Let's focus on the ground states in Λ He, and then the CSB part is adjusted so as to reproduce simultaneously the energy levels of these hypernuclei. The spin-spin part of the CSB can be determined by performing this adjusting procedures both for the 0 + and 1 + states. First, in Fig. 6 , we show the energy spectra of A = 7 hypernuclei without the CSB interaction. The groundstate energy of 7 Λ He is −6.39 MeV with the respect to the α+n+n+Λ four-body breakup threshold. With increase of the proton numbers, the Coulomb repulsion becomes more and more effective as going from Next, let's consider the CSB effects in A = 7 iso-triplet hypernuclei. In Fig. 7 , we show the energy spectra of those hypernuclei calculated with the CSB interaction switched on. In the 7 Λ Li case, the CSB interaction brings about almost no contribution to the Λ binding energies, because there is one proton and one neutron outside the α core and the Λn and Λp CSB interactions cancel with each other. On the other hand, the CSB interaction works repulsively (+0.20 MeV) and attractively (−0.20 MeV) in the 7 Λ He and 7 Λ Be cases, respectively. Therefore, our result indicates that if the experimental energy resolution is as good enough as less than 0.2 MeV, the CSB effect could be observed in these cases. It should be noted here that only the even-state part of our CSB interaction is taken into account in consistent with the observed binding energies of Λ Be, the CSB interaction seems to be vanishing or even of opposite sign from that in the A = 4 system. There still remains a problem in our treatment for the 7 Λ Be system: The calculated value 0.79 MeV of the lowest resonance energy of the 6 Be is not in agreement with the experimental value 1.37 MeV. When the attractive αpp interaction is switched off, the 6 Be(0 + ) resonance energy becomes 1.18 MeV, which is still a bit lower than the observed value. This change of the calculated resonance energy from 0.79 to 1.18 MeV makes the B Λ value smaller by only 30 keV. Thus, the change of the B Λ value is considered to be so small, even if the αpp interaction is adjusted so as to just reproduce the value 1.37 MeV.
In the [6] that due to the strong Coulomb force in A = 8 hypernuclei, ∆B (8) Λ seems small and hence charge symmetry breaking effect seems small. It is interesting to see how much ∆B (8) Λ is obtained in an actual microscopic calculation by introducing the phenomenological CSB interaction.
In our previous work [2] , the cluster model calculations were performed for these hypernuclei with use of the charge symmetric α-t( 3 He), Λ-α and Λ-t( 3 He) interactions adjusted so as to reproduce the experimental value 6.80 MeV for The present framework for the A = 8 iso-multiplet systems has a sort of limitation in the sense that the t( 3 He) cluster is assumed to have 3 nucleons of the same size of those in α. However, the results for both systems of A = 7 and 8 are qualitatively consistent with each other, and the odd state of the CSB interaction are found to have an opposite sign of the even state CSB interaction determined at A = 4 hypernuclei.
In the near future, we expect to have the observed B Λ of 7 Λ He from the (e, e ′ K + ) reaction experiment done at JLAB. On the basis of the coming data, it might be possible to get information on the odd-state CBS interactions. Another example to clarify the even-and odd-state CSB interactions is to study 10 Λ Be with an ααN Λ fourbody model. This four-body calculation is in progress. Also, we hope to observe the B Λ of this hypernucleus by 10 B(e, e ′ K + )
10 Λ Be at JLAB in the future.
VI. SUMMARY
We have studied the structures of the T = 1 triplet hypernuclei ( . This result will be tested when the result of the 7 Li(e, e ′ K + ) 7 Λ He experiment comes from JLAB. (2) As one of the purposes of the extended calculations, we have carefully tested whether the 3/2 + and 5/2 + spindoublet excited states ( s 1/2 Λ coupled to the 2 + excited core) are bound or not, since they were calculated previously to be just above the nucleon breakup threshold (weakly unbound) as a result of the limited three-body model of 5 Λ He+N+N. It is interesting to see the gluelike role of the Λ particle carefully when it is added to the core nuclei having a nucleon halo structure as concerned here. In this paper the four-body calculation, which allows free motion of Λ, gives a clear prediction that the excited spin-doublet states in + p) . The energy splitting between these T = 1 doublet states comes from the spin-spin and spin-orbit interactions, which is calculated to be around 0.1 MeV. If any coincidence experiment is available and the energy resolution is good enough to resolve the 0.1 MeV splitting, one would have a chance of extracting information on the spin-dependent interactions. In 7 Λ Be, however, we do not expect to get the corresponding bound excited states.
(3) It is interesting to get the three-layer structure of the matter distributions in the T = 1 iso-triplet hypernuclear states, which consist of the Λ particle coupled to the nuclear core having neutron or proton halo. The typical numbers of the r.m.s. radii for the * , the level energies remain unchanged by adding the CSB interaction because of cancellation between contribution of valence proton and neutron on α. Comparing the calculated value of B Λ ( 7 Λ Be) with the emulsion data, it seems that the CSB interaction makes the agreement worse. In the case of 7 Λ Be, however, there remains a problem of treating the unbound 6 Be core within our framework. The CSB effect is expected to appear more clearly in the coming data of 7 Λ He, whose core nucleus 6 He is a bound system. Next, we have tried to explain the binding energy difference of T = 1/2 iso-doublet A = 8 hypernuclei ( Λ Be, it is found to be necessary that the sign of the odd-state part is opposite with respect to that of the even part. It is likely that such an odd-state CSB interaction plays some role in the above A = 7 four-body systems.
It is known that the CSB are generated essentially by the mass difference within the Σ-multiplet mixed, and the Λ − Σ 0 mixing in the meson-theoretical model. Thus, in order to get a firm conclusion on this matter, it is necessary to perform four-body calculation of A = 4 Λ hypernuclei and A = 7 Λ hypernuclei taking N N N Λ and N N N Σ and αΛN N and αΣN N , respectively. These types of calculation are in progress.
